normal alimentary behavior such as chewing, swallowing, or lip-smacking. OAAs are usually considered a common clinical sign in seizures arising from the medial temporal lobe. [1] [2] [3] [4] [5] [6] [7] [8] In the late 19th century, Jackson and Colman included them in uncinate fits, 9 as Ferrier noted movements of the tongue, lips, and cheek pouches that were induced by stimulation of the uncinate region in the monkey. 10 Later, Feindel and Penfield was able to elicit OAAs by stimulation of the periamygdaloid region. 1 Feindel and Penfield characterized "automatisms" as unresponsiveness, confusion, and subsequent amnesia. Often, masticatory movements were present, as though the patient tasted something. Jasper, by stimulation of amygdala, obtained only aura of fear when afterdischarges were restricted to the amygdala and hippocampus, and amnesia with "automatism" when afterdischarges spread more extensively to temporal, orbitofrontal, and central cortex. 11 Stereoelectroencephalography (SEEG) studies showed that temporal lobe seizures with OAAs (chewing rather than swallowing) were related to amygdala ictal activation. 12 Although Penfield and Boldrey in 1937 had elicited mouth movements such as opening and closing, smacking, or sucking through stimulation of the lower perirolandic region, this was not taken into account in their ultimate hypotheses on automatism generation. 13 Not much attention was paid to some inconsistencies between occurrence of OAAs and medial temporal ictal discharges. Whereas Gil-Nagel and Risinger differentiated hippocampal from extrahippocampal temporal seizures by the early occurrence of oral automatisms in the former, 4 Maillard et al. 7 showed that OAAs were more likely to occur in the late stage of seizures arising from medial-temporal structures and conversely in the early stage of seizure involving medial and lateral temporal cortex at the onset. In addition, Barba et al. 14 showed that the occurrence of OAAs was not significantly different between temporal and "temporal plus" seizures. However, the latency between the ictal onset (IO) and the expression of OAAs was not systematically measured in these studies. Interestingly, OAAs have been elicited by stimulation of the fronto-opercular cortex. 15 They have also been described in frontal, 16 parietal, 17 and insular 18 seizures with no clear semiological differences.
We have studied the electroclinical characteristics of OAAs in patients with medically refractory medial temporal lobe epilepsy who underwent SEEG. We wondered whether OAAs could be generated outside the temporal lobe.
| MATERIALS AND METHODS
We retrospectively included all patients with medically intractable seizures who underwent SEEG evaluation at the Cleveland Clinic between 2009 and 2016. The study was approved by the institutional review board of the Cleveland Clinic. Fifteen patients with seizures arising from the mediobasal temporal lobe with consistent stereotyped OAAs were selected. In all patients, the decision to perform SEEG was made during the Cleveland Clinic Epilepsy Center multidisciplinary patient management conference on the basis of clinical information and the results of presurgical assessment including scalp video-electroencephalographic (VEEG) monitoring, high resolution brain magnetic resonance imaging (MRI), brain [18F]-fluorodeoxyglucose positron emission tomography, ictal-interictal single-photon computed tomography, magnetoencephalography, and neuropsychological assessment. In those patients, conflicting clinical, electrical, and imaging data did not provide a rational basis for immediate surgery, and could not lead to a unique hypothesis about epileptogenic zone localization inside or outside the temporal lobe.
Intracerebral multiple contact electrodes (ranging from 8 to 16 contacts; PMT Corporation, Chanhassen, MN, USA; platinum contact, diameter = 0.86 mm, contact spacing = 5 mm) were implanted according to Talairach's stereotactic method. Implantation was based on the presurgical workup-generated hypotheses. Electrode placement allowed consistent sampling of temporal lobe (including amygdala, hippocampus, rhinal cortices, and lateral and superior temporal neocortex) as well as extratemporal regions (especially the perisylvian region with opercular and insular cortex, and medial and lateral frontal and parietal lobes when necessary). To verify the correct placement of the electrodes, a postimplantation DynaCT scan was performed and reconstructed images were digitally fused with the MRI dataset (Curry 7; Neuroscan, El Paso, TX, USA). The
Key points
• In seizures with medial temporal onset, oroalimentary automatism occurrence depends on ictal discharge propagation to operculo-insular areas; there is no correlation with frontal or parietal propagation
• Rhythmically synchronized activity at theta frequency between amygdala-hippocampus and operculo-insular cortex underlies the emergence of oroalimentary automatisms in temporal seizures
• Oroalimentary automatisms emerge from the building up of a coherent temporoperisylvian symptomatogenic network rather than from sequential activation of single insular or opercular areas resulting merged datasets were displayed and reviewed in 3 plans to determine the exact anatomical placement of the electrodes. The mean number of implanted electrodes per patient was 13 (ranging from 9 to 20, 200 electrodes in total), and the mean number of active contacts per patient was 140 (ranging from 81 to 235, 2095 active contacts in total). Figure 1 illustrates SEEG electrode placement in all patients with a lateral view of the Talairach referential system to show the anatomical extent of implantations in temporal and extratemporal areas (prefrontal regions were explored in 12 patients, motor and premotor regions in 2, insulo-opercular regions in 15, and parieto-occipital regions in 10; 5 patients had bilateral implantation).
Video-SEEG recordings of spontaneous seizures were independently reviewed and analyzed by 3 epileptologists (J.A., I.No., and P.C.). All patients included in this study had stereotyped OAAs during multiple seizures. OAAs were defined as repetitive, nonvoluntary movements involving the perioral muscles, mouth, tongue, and throat that may resemble normal alimentary behavior. The type of oral automatism was noted and described. The time of appearance of oral automatism was compared to the electrical IO (determined as the earliest ictal SEEG change during the recorded electroclinical seizures). However, all seizures could not be analyzed due to video recording bias that did not allowed us to determine the OAA onset and duration with precision (eg, patients absent from the camera field, their face not clearly visible, or patients eating). Three patients had 2 different types of seizures with and without OAAs.
Visual analyses of the video-SEEG recordings allowed us to determine the different areas involved during OAAs and latencies between seizure onset and involvement of those areas determined as the earliest SEEG change from background activity, as well as the main frequency range. For each patient, we defined regions of interest (ROIs) as the areas involved electrically at the onset of OAAs. To study the relationship between OAA onset (dependent variable) and electrical onset (explanatory variable), we built a scatter plot of latencies between the two and calculated Pearson correlation coefficient before performing a simple linear regression. Second, a time-frequency analysis (TFA) was performed using bipolar montage following the application of a bandpass filter of 1-300 Hz. Complex Morlet wavelet analysis was performed in MATLAB (MathWorks, Natick, MA, USA) using a central frequency of 1 Hz and a temporal resolution (full width at half maximum) of 3 seconds. This allowed the analysis of the temporospectral content of SEEG signals with a good resolution in both time and frequency and the assessment of changes in the involved regions.
Lastly, when a linear correlation existed between OAA onset and electrical onset, a coherence analysis of SEEG signal was performed in that region for each patient. When available, homotopic contralateral regions were also included in the analysis. We chose coherence analysis because we were interested in determining whether neuronal oscillations at similar frequencies between cortices were engaged in functional coupling during OAAs. SEEG data from contacts within ROIs were high-pass filtered using a third-order Butterworth filter with cutoff frequency of 1 Hz. Coherence was estimated for 5-second SEEG sliding windows overlapping by 1 second, for the entire duration of seizure. Thus, coherence values were calculated for all seizures with OAAs, for each patient, and between all contacts within the ROIs. For each pair of contacts, coherence values prior to the onset of oral automatism were statistically compared to the ones after the onset of oral automatism. Time period of interest was determined to be 0 to 5 seconds after the onset of OAAs compared to 5 seconds prior to OAA onset. A paired t test was performed, and the level of significance was defined as P < .05. False discovery rate (FDR) test was employed to correct for multiple comparisons.
The 15 patients included in the study (8 females and 7 males) were aged between 24 and 60 years. Age at epilepsy onset ranged from 9 months to 52 years, and mean duration of epilepsy was 20.6 years. Presurgical evaluation revealed unilateral epilepsy in 13 cases. MRI was nonlesional in 11 cases and showed potentially epilepsy-related lesions in 4 cases. Two patients had vagal nerve stimulator implantation; 1 patient had prior ipsilateral temporal cavernoma lesionectomy. Ten patients underwent surgery after SEEG, and 6 of them were seizure-free with at least 6 months of follow-up (with a mean follow-up of 19.2 months). Pathological examinations revealed focal cortical dysplasia type 1 (FCD1) in 6 cases, hippocampal sclerosis (HS) in 2, dual pathology with HS and FCD (FCD3A) in 1, and cavernoma in one (Table 1) .
| RESULTS

| SEEG analysis and electroclinical correlations
From 115 seizures video-recorded in 15 patients, 69 seizures were amenable to analysis. Stereotyped and reproducible OAAs in seizures recorded from all patients included in the study were characterized by nonvoluntary, repetitive, rhythmic perioral movements such as lip puckering (as if the patient was tasting something), lip smacking, lip licking, chewing, swallowing, or puffing cheeks. In 1 patient, OAAs evolved with seizure progression to less automatic movements that resembled more of a gesticulation with tongue moving side to side and vocalization. OAAs were associated with other "temporal features" such as auras, hand automatisms, altered consciousness, language disturbance, autonomic signs, and nose rubbing but also with late hyperkinetic movements and contralateral arm posturing or face motor manifestations. Secondary generalization was rare (Table 2) . On average, OAAs appeared 21 seconds after electroencephalographic seizure onset (standard deviation [SD] = 12.4, range = 2-60 seconds), and mean seizure duration was 91.4 seconds (SD = 50.9, range = 34-307 seconds). In all seizures, recorded SEEG seizure onset was localized to the anteromesial temporal regions (temporomesial AE temporopolar). Two patients also had extratemporal seizure onset in addition to the anteromesial structures (insular for 1 patient and orbitofrontal for the other), and 2 patients had bilateral independent anteromesial temporal seizures.
A total of 2095 active contacts from 200 electrodes were analyzed in 15 patients. Figure 1 shows a large cortical sampling covering temporal, frontal, parietal, and insular regions. Only the insulo-opercular areas were consistently discharging in relation with OAA onset. Thus, OAA onset was not directly related to seizure onset that was restricted to the anteromesial temporal region in these patients but started only with seizure spread to the insuloopercular region, especially its anterior part (anterior insula and frontal operculum), which was always activated first. All patients had at least 1 electrode in the anterior insula (1.8 on average, range = 1-3). Nine patients had at least 1 electrode in the posterior insula (1 on average, range = 0-3). Anterior insula was constantly involved during OAAs, whereas posterior insula involvement was not as frequent (6 patients vs 9). At the time of occurrence of OAAs, the ictal discharge consistently involved the mesiobasal temporal regions (amygdala, hippocampus, and entorhinal cortex) and the perisylvian regions. A progressive buildup of sharp and rhythmic activity in the theta range (mean = 6.2 Hz, SD = 2) characterized the ictal insular-opercular activity.
At the time of OAA occurrence, a frontal or parietal change from background activity could be noted, but it was not consistent across patients or seizures.
Ipsilateral insulo-opercular theta activity started on average 15 seconds after IO (SD = 7.5) for the insula and 19 seconds after IO (SD = 8.8) for the opercular cortex. On average, OAAs started 8 seconds (SD = 4.1) after ipsilateral insular and 2.7 seconds (SD = 3.6) after ipsilateral opercular activity. Ictal discharge spread to the ipsilateral insular region preceding the adjacent opercular area in 66.6% of seizures, was simultaneous in 30.4%, and followed it in only 2.8% of seizures. Figure 2 is an example of an SEEG seizure, showing OAA onset following the ictal discharge spread to the anterior insulo-opercular region. In the 5 patients with bilateral temporal-perisylvian implantation, OAAs occurred with a bilateral insuloopercular involvement in 58% of seizures (in 3 of the 5 patients). On average, OAAs started 6.4 seconds (SD = 4.2) after contralateral insular discharge and 4.1 seconds (SD = 4.7) after contralateral opercular discharge. Contralateral insular discharge started before opercular discharge in 52.3% of seizures, was simultaneous in 33.3%, and started after it in 14.4% of seizures. TFA confirmed a clear power frequency change, mainly in the theta range, in the ipsilateral (and contralateral when implanted) insulo-opercular regions before the onset of oral automatisms (Figure 3) .
The clear and consistent relationship between OAA onset and anterior insulo-opercular discharge among the recorded seizures from all patients allowed undertaking of correlation analyses. Statistical analysis showed a linear relationship between OAA onset (dependent variable) and ipsilateral time of ictal spread to the insulo-opercular area The top left corner schema shows the electrode placement from the lateral view of the Talairach basic referential system. Note the left mediobasal temporal low-amplitude fast activity at the onset (electrodes B' and E', rapidly followed by A') and the emergence of OAAs after suprasylvian insulo-opercular involvement (electrode R'). If other regions were involved at the onset of OAAs, the time delay was not as consistent as for insulo-opercular regions. T1 magnetic resonance imaging coronal slices show the placement of the suprasylvian insulo-opercular electrodes (explanatory variable) with a Pearson correlation coefficient r = .79 (P < .0001) as well as a linear relationship between OAA onset and times of ictal spread to both the contralateral and ipsilateral insulo-opercular regions (Pearson correlation coefficient r = .75 [P < .0001]). In contrast, there was no relationship between OAA onset and propagation to other cortical areas such as orbitofrontal cortex, anteriormidcingulate, middle frontal gyrus, posterior cingulate gyrus, or parietal lateral cortex (Figure 3) . The dependency of OAA occurrence on insular-opercular involvement was further documented by the following observation. Two patients had 2 different types of electroclinical recorded seizures: (1) seizures restricted to the temporal lobe manifested no OAA, whereas (2) seizures with spread to the insulo-opercular region were characterized by prominent OAAs. Enhancement of OAA amplitude coincided with increased amplitude and rhythmicity of the insulo-opercular and temporal oscillatory discharges.
| Coherence analysis
Coherence analysis was used to quantify the changes in functional coupling before the appearance and during the expression of oral automatisms between SEEG contacts lying within ROIs. Figure 3 shows the main results from statistical analysis of coherence values between cerebral regions before and after the onset of OAAs. Across seizures and patients, OAA onset was marked by a statistically significant (P < .05, FDR corrected) increase in coherence value between bilateral insulo-opercular regions in the theta band. There was also a significant increase in coherence between mediobasal temporal structures (namely amygdala and hippocampus) and insulo-opercular regions, in the same frequency band. Therefore, an increase in coherence between mediobasal temporal and insulo-opercular regions as well as an increase in coherence between bilateral insulo-opercular regions was tightly linked to the occurrence of OAAs.
| DISCUSSION
The SEEG data analyzed in this study indicate that the occurrence of OAAs in seizures originating in anterior and medial temporal lobe depends on their propagation to insulo-opercular areas, especially to their anterior part (namely anterior insula and frontal operculum). OAAs were not observed when the ictal patterns were confined to the mesial structures of the temporal lobe, but were only expressed following the involvement of the insularopercular regions bilaterally. Latencies of OAAs were correlated only with the onset of ictal activity in the insular-opercular regions. OAAs were related to a significant increase in functional coupling between insula and operculum, unilaterally and bilaterally, and between opercular-insular cortex and amygdalar-hippocampal ictal discharges.
Our results confirm that OAAs are a common sign of mesiotemporal lobe epilepsy, occurring in at least 60% of the seizures analyzed. Associated signs and symptoms were in agreement with those described in previous literature.
Amygdala had often been pointed to as a generating structure for oral automatisms. 2, 12 In the SEEG study by
Munari et al., seizures that were characterized by oroalimentary automatisms were always related to ictal discharges that directly involved the amygdala. Late OAAs were also correlated with amygdala involvement, but no definite conclusion could be drawn given the number of coactivated structures. 12 Maldonado et al. 2 also showed that initial oral automatisms were linked to amygdalar and hippocampal ictal discharges. Our results confirm and further expand on these findings; amygdala was systematically involved in the majority of cases with an initial fast and tonic discharge (preceded or not by preictal spiking) synchronous with the hippocampus. However, our results show that the mediobasal temporal discharge alone, without insulo-opercular involvement, was never sufficient to produce this specific clinical behavior. Electroclinical analysis showed that the onset of the OAAs was not correlated with the amygdalohippocampal discharge but with the anterior insulo-opercular involvement without any clear predominance of the fronto-opercular or anterior insular cortex despite the finding that insular involvement preceded or coincided with opercular involvement in the majority of cases. The variability in latency might depend on several factors, including but not limited to the duration of seizure and the electrode placement within the operculoinsular region. That insula and opercular regions could participate in generation of OAAs makes sense. The masticatory motor and also the more integrative digestive representations are both components of the cortex projecting to the brainstem cranial nerve nuclei, thus controlling chewing and swallowing. Another possibility would be that anterior insula could drive the operculum in producing OAAs. In patients with bilateral implantation, OAAs were correlated to a bilateral insulo-opercular involvement, suggesting that a bilateral propagation establishing a functional coupling between these structures could contribute to the mechanism. The functional interhemispheric connectivity between insular and opercular areas is well established. 19 However, that patients with bilateral seizure propagation on VEEG were preselected for bilateral SEEG implantation is a possible bias for this interpretation.
It is important to note that insular onset seizures can also produce OAAs; associated signs are different (more prominent and earlier autonomic features like drooling, or heart rate variations); and spread to the mediobasal temporal region may occur later in the course of the seizure. 18, 20 Some stimulation studies had previously indicated a role of insulo-opercular regions in OAA generation. Penfield and coworkers showed that OAAs could be evoked not only through the stimulation of the perirolandic regions 13 but also of the "peri-amygdaloid region," 1, 21 defined as the junction between frontal, insular, and temporal cortex as well as the ventral part of the claustrum. However, determining the extent of the cortex that was possibly involved in afterdischarge was difficult due to the absence of concomitant electrocorticographic recording of the surrounding structures. More recently, Maestro et al. 15 induced
OAAs by stimulation of the fronto-opercular cortex in a patient without ictal automatisms. These findings are concordant with previous electrophysiological work by Martin et al. 22 in a macaque model, which showed that swallowing and masticatory movements could be induced by stimulation of different regions from the lateral pericentral cortex to the frontal operculum and insular regions. Interestingly, there are direct projections from the magnocellular division of the basal nucleus of the amygdala to the principal part of the cortical masticatory area in macaques. 23 In addition, according to functional MRI studies, the most consistent areas that are activated during swallowing are insula and its direct connections, frontal operculum and primary face motor cortex. 24, 25 Moreover, insular cortex and A statistically significant (P < .05) increase in coherence in theta frequency band can be observed post-OAAs between ipsilateral insula/operculum and ipsilateral amygdala/hippocampus and also between ipsilateral and contralateral insula/operculum. Amy, amygdala; Co., contralateral; Hip, hippocampus; Ins, insular; Ip., ipsilateral; Ope, opercular frontal operculum seem to be key regions in chewing processing. 26, 27 Our results suggest that the underlying mechanisms for the emergence of OAAs were rhythmic theta synchronization between mediobasal temporal and insulo-opercular regions. This was confirmed by coherence analysis. Increase in coherence between bilateral insulo-opercular regions on the one hand, and insulo-opercular and mediobasal temporal regions on the other, supports the hypothesis that a functional coupling between these structures is necessary for OAAs to occur in seizures of mesial temporal onset. We hypothesize that the oscillatory amygdalar-(entorhinal?)-hippocampal discharge entrains at a theta pace the temporoperisylvian network, leading to the emergence of this oral-alimentary activity from the masticatory cortex.
Jasper's hypothesis on automatism generation during seizures was that extensive cortical propagation could release subcortical center excitability. 11 This hypothesis has been recently strengthened and refined by evoking the possible activation of a "central pattern generator" (mainly in brainstem and spinal cord) that would activate stereotypical rhythmic sequences. 28 Our current data support an alternative hypothesis. However, those 2 mechanisms could act in concert in producing epileptic automatisms. Consistent with the diversity of behavioral situations where chewing or swallowing are triggered in humans, and microstimulation data in monkeys, oroalimentary movements are controlled by a cortical/subcortical top-down mechanism exerted by the central masticatory area in operculoinsular regions on subcortical nuclei in brainstem and basal ganglia. 29 Increase in epileptogenic network coherence, as an underlying mechanism for the expression of semiological manifestations, is a new pathophysiological concept put forward by Chauvel and McGonigal. 30 Coherence increase means that functional interactions increase between oscillating brain subsystems. 31 A coherent state establishing itself in the course of developing seizures is a condition for interferences in the network, hence functionally binding distinct areas. This phenomenon, known as "binding-by-synchrony," is a key mechanism for cognitive processes. 32 Imaging studies have shown that specific and transient increase in functional connectivity is the basis for the emergence of cognition or behavior. 33, 34 Epileptogenic networks, as they restrict to 1 or a few frequency ranges the otherwise richer repertoire of normal cortical functioning, actually caricature its functional expression. In doing so, the ictal system oscillates at its resonant frequencies, that is, theta in the case of a temporal-perisylvian system producing oroalimentary automatisms. Like a resonator, it selects its own frequency, isolating itself from other functioning cortical systems. Such mechanisms seem to be shared by several types of temporal seizures, as they were implicated in the production of d ej a-vu in temporal basal cortex. 35, 36 The same has been labeled as a "psychomotor" rhythm by Gibbs et al. 37 in temporal lobe epilepsies.
Semiology critically depends on signal frequency. Ictal discharges spreading with different spectral features in the same areas will result in different clinical manifestations, at times resulting in no clinical signs. Medial-lateral temporal seizures with wider distribution of the IO and faster frequencies spread in the same systems but produce distinct clinical patterns. 7, 38 Fear expression in partial seizures results from transient desynchrony between fast activities in frontal and temporal emotion networks. 39 It is also remarkable that generalizations are rare in our patient series selected for medial-temporal onset seizures with OAAs. The same model offers possible explanations for other temporal semiology traits as well. Epigastric or visceral auras and autonomic features, concomitant with ictal automatisms in temporal lobe epilepsy, can also be elicited by stimulation of the perisylvian regions. 21, 40, 41 Thus, a major part of the temporal autonomic epilepsy semiology could be due to such pace-controlled and oriented spread toward the insular-opercular regions.
In conclusion, we propose that the occurrence of OAAs in temporal lobe seizures is subserved by a synchronized spread of rhythmical activity to the insular-opercular regions. This rhythmical activity must be coherent with an ictal mediobasal temporal ongoing activity, hence building up a resonant system triggering the oral automatism from the cortical masticatory area. ACKNOWLEDGMENT J.A. was supported by the Fondation pour la Recherche M edicale (bourse medico-scientifique FRM: FDM20150632965).
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